Abstract Dissolved arsenic in contaminated groundwater is a major concern on a global scale due to its extreme toxicity. This paper reports a magnesium oxide-impregnated mesoporous alumina synthesized using biopolymer chitosan template. The adsorbent was first characterized by BET, SEM and EDAX analysis. The packed column performed effectively over wide range of pH and exhibited a maximum adsorption capacity of 17.2 mg/g for an input arsenic concentration of 20 mg/L. The experimental data fitted well with pseudo-second-order kinetics. Thermodynamic study on the adsorption phenomena revealed that arsenic adsorption on the porous adsorbent was spontaneous, and the process was exothermic. The arsenic sorption capacity at breakthrough point was greatly dependent on bed depth. A bed depth service time approach was adopted to describe the continuous flow system. The column after exhaustion was regenerated by eluting the bound arsenate [As(V)] with *15 bed volume sodium hydroxide solution. The adsorbent could retain its capacity up to five cycles of such regeneration. The influence of different operating conditions such as bed depth, flow rate and initial arsenic concentration was investigated statistically by the two-level full-factorial experimental designs to evaluate optimum operating conditions.
Introduction
The presence of dissolved arsenic in groundwater has gained international attention among scientists (WHO 1981) . Exposure to arsenic-contaminated drinking water causes serious health problems. High arsenic content is found in ground water of Taiwan, India and Vietnam (Nickson et al. 1998) . Arsenic is generally present as pentavalent (H 3 AsO 4 , H 2 AsO 4 -, HAsO 4 2-) and trivalent (H 3 AsO 3 , H 2 AsO 3 -, HAsO 3 2-) oxidation states (Ohki et al. 1996) .
Many researchers reported several heavy metal removal methods (Donga et al. 2011 ) that include chemical precipitation, ion exchange, membrane separation, adsorption, electrodialysis, etc. (Bissen and Frimmel 2003; Biati et al. 2014) . Among these, adsorption is extensively adopted because of its simplicity and low-cost operation (Gupta et al. 2014; Wang et al. 2002) . A number of adsorbents, e.g., activated alumina, activated carbon, calcite, red mud, ferric hydroxide, layered double hydroxides and several nanocomposites have been studied (Mohan and Pittman 2007; Ghaedi et al. 2012 Ghaedi et al. , 2013 Ghaedi et al. , 2014 Thirunavukkarasu et al. 2003; Boldaji et al. 2010; Matthew et al. 2003; Guo et al. 2007 ). But these adsorbents are not very effective due to their low sorption capacities and optimum performances at narrow pH range. Recently, the efficient removal capacities of biopolymers (Uzascı et al. 2014 ) and biodegradable particulate (Drewnowski and Makinia 2014) have also been reported for toxic metal ions. Porous materials are known for their high-adsorption capacities due to large surface area, narrow pore-size distributions and highly uniform channels (Kim et al. 2004) . We have earlier reported nano-alumina-loaded chitosan-graft-polyacrylamide for arsenic removal with loading capacity 6.2 mg/g (Saha and Sarkar 2012) . However, large-scale removal of arsenic requires higher adsorption capacity, and considering this fact, we have synthesized high-performance porous magnesia-impregnated alumina (MIPA) and studied remediation in continuous packed bed column. Here biopolymer chitosan was used as a template for synthesis of porous adsorbent (Zulfikar et al. 2014) . The organic matter and carbon content of chitosan were eliminated during the calcinations, which helped to create porous structure. Chitosan thus played the key role in the formation of mesoporous structure of the adsorbent. This magnesia-impregnated alumina performed better than bare alumina in the removal of arsenic in water (Kuriakose et al. 2004) . This new magnesium oxide-impregnated mesoporous adsorbent was prepared by a simple laboratory procedure. The adsorbent exhibited desirable adsorption characteristics such as high surface area, large pore volume, tunable porous structure with well-defined pore-size distribution, controllable wall composition, as well as modifiable surface properties. It was thermally as well as chemically stable and could be produced with identical properties. There was flexibility in post-functionalization with introduction of hydrophilic, hydrophobic, polar as well as positively or negatively charged functional moieties on the surface. Due its tortuous porosity, pore diffusion would be the limiting step (slow) in mass transfer process.
Most of the previous reports on arsenic adsorption considered batch processes. The removal of arsenic in continuous column systems is thought to be very useful due to long shelf life, less reagent handling and low-operating cost. The use of the packed bed for arsenic mitigation would be (1) continuous operation (2) easy control on throughput (3) uninterrupted operation using a standby column and (4) easy regeneration. Generally, arsenite content of water is first oxidized to arsenate before being fed to the adsorption column. Hence, speciation of arsenic was not necessary for packed bed column study. Breakthrough studies were carried out to evaluate the performance of porous beads by varying the operating conditions, such as the flow rate, bed depth and influent concentration. The Bohart and Adams equation (Bohart et al. 1920 ) was used for the estimation of the basic design parameters characterizing the performance of the dynamic process.
We conducted this research with essential objectives as evaluation of (1) the biosorption capacity of porous beads for the removal of As(V) in a packed bed column (2) the effect of different parameters in the adsorption process and (3) optimum process parameters by factorial design. This is the novel and significant part of our study, which was performed in the Department of Polymer Science and Technology (Biosensor Laboratory), University of Calcutta, India (2013 .
Materials and methods

Materials
Aluminum nitrate, magnesium chloride hexahydrate, chitosan (CTS) and sodium hydroxide were supplied by EMerck (Germany) and were used as received. The As(V) stock solution was prepared by dissolving sodium arsenate, Na 2 HAsO 4 Á7H 2 O purchased from Sigma (UK) in MilliQ water.
Synthesis of magnesia-impregnated porous alumina using chitosan biopolymer (MIPA)
Chitosan was first dissolved in 5 % acetic acid at 70°C, and the solution was stirred for 3 h. 2 M aluminum nitrate was added to magnesium chloride (2 M) solution in weakly acidic medium (pH 4.5) for 1 h. This mixture was added to chitosan solution and continuously stirred for 4 h to form a homogenous mixture. This was dispensed into a gently stirred 1 M solution of NaOH by a peristaltic pump at constant rate to form uniform spherical hydrogel beads of about 1.5 mm diameter. The spherical beads thus formed were stabilized for 1 h in NaOH solution and separated followed by a thorough wash with MillQ water and dried at 70°C. The dried beads were calcined at 500°C for 6 h in the presence of air. After calcination, the remaining material was thoroughly washed with MilliQ water and dried at 100°C.
Characterization
Surface morphologies of the porous adsorbent were characterized by scanning electron microscopy (FEI company quanta 200) at 20 kV volt and different magnifications. Elemental spectra were obtained using an energy dispersive X-ray analyzer (EDAX) during SEM observation. Surface area of mesoporous alumina was measured using Brunauer-Emmett-Teller (BET) method by N 2 adsorption isotherms using Micrometrics ASAP 2010K surface area analyzer.
Spectral characterization
The FTIR spectra of samples were performed in a Thermo Scientific FTIR instrument (Model Nicolet iS 10) using ATR sampling technique. The spectra over the range 4000-400 cm -1 were obtained at a resolution of 4 cm -1 .
X-ray diffraction
The wide-angle X-ray scattering (WAXS) was performed using XPERT-PRO wide-angle X-ray diffractometer (USA) in reflection mode. The instrument was operated at a 40-kV voltage and a 30-mA current using Ni-filtered Cu-ka radiation (k = 1.54 Å ). The samples were scanned from 2h = 20°-90°at the step scan mode to record the diffraction pattern.
Determination of loading capacity of adsorbent
Quantitative determination of arsenic was accomplished by a UV-Vis spectrophotometer at 880 nm following molybdenum blue method in the higher concentration range, i.e., mg/L (Lenoble et al. 2003) and by a PST-KIT developed in our laboratory (Das et al. 2014) in the lower concentration range, i.e., lg/L. In each experiment, the arsenic-spiked water in the airtight Erlenmeyer flask (25 mL) was allowed to equilibrate with polymeric beads in orbital shaker at 150 rpm. The amount of arsenic adsorbed (mg) per gram of polymer beads q e was obtained using the equation
where C i and C e are initial and equilibrium concentrations in mg/L, M is the dry mass of adsorbent-encapsulated polymer beads in grams, and V is volume of solution in liters.
Determination of isoelectric point of the adsorbent
The isoelectric points of MIPA and As(V)-adsorbed MIPA were determined at different pH by measuring zeta potential of the particles using Malvern Zeta-sizer Nano ZS90, UK. In this experiment, 0.1 g adsorbent was added to 50 mL of 0.01 M NaNO 3 solution and agitated with magnetic stirrer. The required pH of the solution was adjusted by NaOH or HCl.
Kinetic study
In order to estimate equilibrium adsorption rate of arsenic by porous adsorbent, time-dependent sorption studies were conducted. Adsorption kinetics were monitored by adding 0.15 g of MIPA into a 100 mL solution of 25 mg/L of As(V) and stirred at 150 rpm. A portion of solution mixture (5 mL) was withdrawn from the bulk at predetermined time intervals, filtered, and analyzed for the concentration of As(V) using molybdenum blue method (Lenoble et al. 2003) .
Thermodynamic study
Thermodynamic studies were carried out by fixing the adsorption temperature at 298, 313 and 333 K with 0.15 g adsorbent in 50 mL of arsenic-spiked (25 mg/L) water.
Fixed-bed column study
Dynamic adsorption studies were conducted by a fixed-bed column made of transparent polymethyl methacrylate (PMMA) thermoplastic pipe (1.5 cm I.D.) with a total bed height of 24.5 cm. A peristaltic pump was employed to feed the column with As(V)-spiked water (initial concentration 0.3 mg/L) through the MIPA packed column in the up-flow mode at desired flow rates (6, 10 and 20 mL/min). Samples were collected at different bed heights and analyzed for the residual concentration of arsenic. Analysis of breakthrough curve was accomplished by bed depth service time (BDST) model. Empty bed contact time (EBCT), a critical parameter that determines the residence time, was found to be 7.2, 4.32 and 2.163 min corresponding to flow rates of 6, 10 and 20 mL/min.
Regeneration of column
As(V)-exhausted MIPA could be regenerated using NaOH. Exhausted bed was charged with 0.1 M NaOH solution with up-flow rate of 10 mL/min until the adsorbed As(V) was recovered. Subsequently, the bed was reconditioned with MillQ water until the pH of the effluent water reached 7.0. The bed was then recharged with As(V)-spiked water for performance evaluation. Temperature of 25°C and pH 7.5 was maintained in these experiments.
Statistical optimization
The factorial design was used to find the impact and the variation of factors that influenced the output or response. In this work, volumetric flow rate, initial As(V) concentration and bed height were considered as independent variables, while the temperature (25°C) and pH were kept constant. The percentage removal of arsenic was considered as the output response. Two replicates of 2 3 full-factorial design (FFD) having eight experiments (with each replicate) were studied.
Results and discussions
Characterization of adsorbent
BET analysis
Surface areas of both porous alumina (PA) and magnesiaimpregnated porous alumina (MIPA) were measured by BET analysis. N 2 adsorption on porous adsorbent generated a type II isotherm ( Fig. 1) as per the classification given by IUPAC (Brunauer et al. 1940; Rouquerol et al. 1994) , and this was very different than the Langmuir model.
The flatter region ( Fig. 1 ) in the middle represented the formation of a monolayer. Inflection point (B) occurred near the completion of the first adsorbed monolayer and beginning of multilayer adsorption. A type II isotherm is obtained when c [ 1 in the BET equation. At very low pressures, the mesopores are filled with nitrogen gas. At the knee, monolayer formation is beginning and multilayer formation occurs at medium pressure. Capillary condensation may occur at high pressure. The BET surface area, average pore size and total pore volume of PA and MIPA are given in Table 1 .
The increase in the surface area after impregnation was due to elimination of water molecule from mixed metal oxide as well as organic matter and carbon content of chitosan, creating more pores in the adsorbent. But in previous studies (Sushree et al. 2008) , it was shown that the specific surface area of alumina decreased after impregnation. This difference in surface area of MIPA was unique presumably due to a different preparation technique applied. The BET surface area before adsorption was found to be 250.03 m 2 /g, whereas some reduction in the BET surface area was observed after adsorption (223.67 m 2 /g).
SEM and EDAX analysis of adsorbent
The surface morphologies of PA and MIPA were studied by SEM. No pores could be clearly seen before calcinations ( Fig. 2a) , whereas Fig. 2b suggests highly porous structure of alumina with smaller pore sizes. The virgin MIPA as depicted in Fig. 2c had a significantly rougher surface with lots of pores, and the surface was apparently occupied by the newborn manganese oxides formed during the impregnation process. The large surface area (i.e., high density of adsorption sites) and uniform porous structure with channels on these samples would definitely enhance their adsorption abilities in the water treatment. Figure 2d shows the SEM of arsenate-adsorbed MIPA. Small particles of amorphous arsenate could be seen to adhere to the MIPA surface. To investigate the elemental analysis of adsorbent, EDAX was performed and shown in Fig. S1 (Supplementary material).
X-ray diffraction analysis of adsorbent
Powder X-ray diffraction (XRD) pattern of pristine chitosan and MIPA (before and after adsorption) is shown in Fig. S2 (Supplementary material). The XRD patterns of chitosan produced predominantly broad peaks at 2h = 10°, 20°. However, these peaks were not observed in MIPA due to the elimination of chitosan in the calcination step at 500°C, whereas some sharp peaks at 2h = 28.5, 29, 33.1, 34 36.6, 40.6 indicated the presence of c-alumina phase, whereas peaks at 2h = 45.16, 53.16, 55.9 confirmed homogeneous impregnation of crystalline magnesium oxide in alumina. Further, the XRD pattern remained almost the same after arsenic adsorption, indicating retention of the structural integrity of alumina and magnesia after adsorption. Additional peaks at 61.4 and 62.4 might be due to the presence of adsorbed arsenate on the MIPA surface.
FTIR analysis of adsorbent
FTIR spectra of MIPA before and after calcinations and also after adsorption of arsenic are presented in Fig. S3 . The band at 3400 cm -1 in MIPA before calcinations (Fig. S3a) corresponded to -OH stretching vibration due to the presence of chitosan template. After calcinations, this peak almost disappeared due to degradation of chitosan. FTIR spectrum of MIPA before adsorption showed major peaks at around 3400 and 1636 cm -1 due to the stretching vibration of hydroxyl groups (-OH) and bending vibration of water molecules, respectively (Fig. S3b ). After adsorption, the peak shifted to 3420 cm -1 with some decrease in intensity, indicating the involvement of -OH in the arsenic adsorption, and it indicated the existence of H-bonding formed by OHÁÁÁAs (Fig. S3c) . The bands from 1400 to 1600 cm -1 indicated the formation of alumina. The wellexpressed bands centered around 845 and 1459 cm -1 in the spectra of the samples after adsorption could be attributed to characteristic vibrations of As-O in H 2 AsO 4 -. The results implied existence of arsenic species and its interaction with MIPA via Vander Waals force.
Determination of adsorption capacity of MIPA
Experiments were carried out to find individual adsorption capacity. Table S1 in supplementary material gives the capacities. It could be seen that the mesoporous adsorbent (MIPA) exhibited highest adsorption capacity.
Effect of pH and zeta potential
The most important parameter influencing the adsorption capacity is the pH of adsorption medium. Arsenic is sensitive to pH in ground waters (pH 6.5-8.5) under oxidizing and reducing conditions. Redox potential (Eh) and pH are the most important factors controlling arsenic speciation. Under oxidizing conditions, H 2 AsO 4 -is dominant at low pH (less than about pH 6.9), while at higher pH, HAsO 4 2-becomes dominant (H 3 AsO 4 0 and AsO 4 3-may be present in extremely acidic and alkaline conditions, respectively). Under reducing conditions at pH less than about pH 9.2, the uncharged arsenite species H 3 AsO 3 0 predominates. The distributions of the species as a function of pH are presented in Fig. S4 (supplementary material) . In practice, most studies in the literature report speciation data without consideration of the degree of protonation. In the presence of extremely high concentrations of reduced sulfur, dissolved arsenic-sulfide species can be significant. Reducing, acidic conditions favor precipitation of orpiment (As 2 S 3 ), realgar (AsS) or other sulfide minerals containing co-precipitated arsenic. Therefore, high-arsenic waters are not expected where there is a high concentration of free sulfide. Thio arsenite species will be more important at neutral and alkaline pH in the presence of very high sulfide concentrations. It was well documented that the surface functional groups of adsorbents together with the forms of arsenic species (adsorbates) are strongly pH dependent.
The dissociation reaction of arsenic acid (arsenate) is shown below
The dissociation constants (pKa) approximate the pH at which equal quantities of each form of arsenic are present. At a pH level, one unit less than the pKa, approximately 90 % of the arsenic, is in the form on the left side of the reaction. The converse is true for pH levels higher than the pKa value. Thus, As(V) ion occurs mainly in the form of H 2 AsO 4 -in the pH range between 3 and 6, while a divalent anion HAsO 4 2-dominates at higher pH values (such as between pH 8 and pH 10.5). In the intermediate region (i.e., in the pH range between 6 and 8), both species coexist with one another, which contribute negative charge on the surface.
The effect of the pH on the adsorption of As(V) of initial concentration 20 mg/L onto porous adsorbent was studied in the pH range 3-11 (Fig. 3) . It was observed that adsorption of As(V) increased rapidly with increasing pH and attained maximum (95 %) at pH 7.5 and thereafter dropped significantly at higher pH values, e.g., 16 % at pH 11. The zeta potential was measured as a function of pH in the range 4-11 since the isoelectric point (IEP) or point of zero charge could predict MIPA surface charge (? or -) at operating pH. It could be seen from Fig. 3 that IEP of MIPA before and after arsenic adsorption was pH 8.5 and 8, respectively. In the pH range 4-8, arsenic predominantly exists as anionic H 2 AsO 4 -and HAsO 4 2-species, which contribute negative charge on the surface (Xu et al. 2002; Lin and Wu 2001) . Thus, shift of IEP after the adsorption to a lower pH value was due to the formation of negatively charged surface complexes by specific adsorption of arsenate onto MIPA. Further, it could also be implied that the adsorption of arsenate onto MIPA was through innersphere complexes since no specific chemical reaction occurred between the adsorbate and the outer surface in the outer sphere. The maximum arsenic removal at pH 7.5 could be explained by the fact that MIPA surface possessed a net positive charge at pH below 8.5, and hence, the possibility of electrostatic repulsion did not exist. A progressive decrease in arsenic removal was observed with increase in pH. This could be attributed to the competition for the active sites by OH-ions and the electrostatic repulsion of arsenate ions by the negatively charged MIPA surface. It is clear that the presence of arsenate anions made the adsorbent surface more negatively charged at higher pH. Thus, specific adsorption rather than a purely electrostatic interaction could be predicted from the drop of isoelectric point.
Effect of doses of adsorbent and adsorption isotherm
The effect of adsorbent dose on percentage removal of As(V) is illustrated in Fig. S5 (supplementary material) . The figure reveals that uptake of As(V) increased rapidly from 0.1 to 0.5 g and marginally thereafter. The initial increase in the efficiency of removal from 45 to 95 % may be attributed to the fact that more surface area is available for arsenic to be adsorbed with increase in adsorbent dose. Further increment in adsorbent does not affect much due to non-availability of adsorbate for a given initial concentration of arsenic. In the subsequent studies, the adsorbent dose selected was 0.5 g.
To address the equilibrium adsorption, various isotherms were used, e.g., Langmuir, Freundlich. The isotherm data (Table S2 , supplementary material) suggested that the adsorption of arsenic could not be modeled perfectly by the Langmuir isotherm, whereas equilibrium data fitted very well with Freundlich isotherm, suggesting a heterogeneous adsorption (plots shown in supplementary material, Fig. S6 ).
Adsorption kinetics
In order to investigate the adsorption mechanism of As(V) on porous adsorbent, the experimental data were analyzed, Fig. 3 Effect of pH and zeta potential on As(V) adsorption by MIPA at 303 K employing pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models at different initial concentration of As(V). The uptake of As(V) onto the adsorbent was studied at different time intervals. Adsorption of arsenic increased with time, and it was fast in the first 10-60 min, whereas the adsorption rate slowed down and attained equilibrium at 5 h. This value was determined by the measurement of the arsenic concentration at regular intervals until the concentration reached a constant value. A maximum of 98 % arsenic was adsorbed in 5 h. The probable reaction kinetics models depicting pseudo-first order and pseudo-second order were investigated with the adsorption data obtained from the adsorption of arsenic at different time intervals. Pseudo-first-order rate expression of Lagergren equation (Bansiwal et al. 2010 ) is given as
The integrated and logarithmic form of the above equation is written as logðq e À q t Þ ¼ log q e À k 1 t ð3Þ
where q e and q t are the amount of arsenic adsorbed on the adsorbent at equilibrium (mg/g) and at time t (min), respectively, and k 1 is the rate constant of the pseudo-firstorder adsorption (min -1 ). The adsorption rate constant was determined from the slope of the linear plot of log(q e -q t ) versus t (Fig. 4a) . The pseudo-second-order rate expression is as follows:
Integrated and rearranged form of this equation is
where k 2 is the pseudo-second-order rate constant (g/mg/ min). This was calculated from the slope and intercept of the plot t/q t versus t (Fig. 4b) . The rate constants obtained from first-and second-order pseudo-kinetic models are presented in Table S3 (Supplementary material). The larger the k 1 value, the quicker is the adsorption rate, whereas the lesser k 2 value represents the faster adsorption rate (Shihabudheen et al. 2006) . The value of k 1 and R 2 obtained from Fig. 4a did not fit well with the first-order rate model (Eq. 3). However, the values of low k 2 and R 2 obtained from Fig. 4b suggested pseudo-second-order model (Eq. 5). The well-fitted pseudo-second-order kinetic model predicted a chemisorptions process involving ion exchange (Ho 2006) .
In spite of adsorption occurring on the surface of adsorbent, the adsorbate molecules might also diffuse into the interior of the pores of the adsorbent. Thus, sorption could also be modeled by pore diffusion or particle diffusion model (Fig. 4c, d ). The existence of intra-particle diffusion in the adsorption process may be determined from the following equation (Namasivayam and Yamuna 1995) : Fig. 4 a Pseudo-first-order, b pseudo-second-order kinetics for As(V) adsorption, c intraparticle pore diffusion, d particle diffusion for As(V) adsorption where k i is the intra-particle diffusion rate constant (mg/g/ min 1/2 ). Figure 4c shows a plot of the amount of arsenic adsorbed (q t ) versus the square root of time (t -1/2 ). The correlation of the above variables was a straight line, which did not pass through the origin. This suggested that the presence of intra-particle diffusion might not be important in the whole adsorption process. The surface adsorption might be the predominant mechanism of arsenic uptake instead. This unusual behavior might be due to the heterogeneous nature of MIPA surface. Therefore, the adsorption of arsenic onto MIPA could be explained by both the effects, e.g., surface adsorption and intra-particle diffusion.
Again, the diffusion through individual particles, i.e., inter-particle diffusion model can be written as:
The value of k p (min -1 ), particle diffusion coefficient, was obtained by slope of the plot between ln(C t ) and t (shown in Table S3 ).
Adsorption thermodynamics
Thermodynamic parameters of adsorption namely standard free energy change (DG), enthalpy change (DH) and entropy change (DS) were calculated using thermodynamic equations (Eqs. 8, 9). Standard free energy change (DG) is given by the equation
where DG 0 is the standard free energy change of sorption (kJ mol -1 ), T the temperature in K, R the universal gas constant (8.314 J/mol/K), and K is the sorption equilibrium constant determined from the slope of ln(q e /C e ) against C e at different temperatures. The standard enthalpy change (DH) and standard entropy change (DS) were calculated using following Vant Hoff's equation (Khan and Singh 1987; Singh and Pant 2004) 
where (DH 0 ) is standard enthalpy change (kJ/mol) and (DS 0 ) is standard entropy change (KJ/mol/K). The values of DH and DS were obtained from the slope and intercept of the Vant Hoff's plot of lnk against 1/T shown in Fig. S7 (Supplementary material). These were evaluated as -56.252 kJ/mol and 0.1726 kJ/mol/K, respectively. The negative value of DH indicated the exothermic nature of the sorption process. DS was considered as a measure of randomness at the solid/liquid interface during arsenic sorption, and the positive value suggested the sorption process as irreversible and stable. The negative values of DG obtained at all temperatures of the study indicated feasibility and spontaneity of the sorption reaction.
Positive entropy change (entropy system ? entropy surroundings) indicated that the reaction was spontaneous as the system becomes more disordered. In the adsorption of arsenic(V), positive values of DS°indicated increased randomness of the solid/solution interface. In presence of aqueous medium, mixed oxide of MIPA, i.e., Al 2 O 3 and MgO forms hydroxide that leads to structural disorder by ligand exchange with arsenate ions. During adsorption the adsorbed water molecules which was displaced by the adsorbate, As(V) suggests some structural changes in adsorbate and adsorbent interface. This allowed the prevalence of randomness in the system. Again, adsorption involves attracting As(V) molecules on surface of the adsorbent. Due to this, energy was released, and thus, heat of adsorption was negative. The large negative value of enthalpy was due to combined effect of physical and ligand exchange process in the said adsorption. This was also supported by FTIR data.
Mechanism of adsorption
Arsenic removal by MIPA appeared to be governed by both physical adsorption and ligand exchange mechanisms. As stated earlier, the arsenate ions on the oxide surface formed coordination shells with OH groups through acceptance or release of H ? at various pH, resulting in the development of a surface charge. In acidic medium, the concentration of H ? ion remained high, and thus, MIPA surface acquired positive charge, which adsorbed arsenate ions. This nature of attractive force between MIPA and As(V) ions was confirmed by the FTIR results due to the appearance of new peak at 845 cm -1 , the characteristic of O-HÁÁÁAs vibration band on the arsenic-loaded MIPA. With increase in pH, the surface slowly acquired negative charges, which repelled arsenate ions, and hence, arsenic removal by the electrostatic attraction in alkaline medium was ruled out. In addition, ligand exchange mechanism was also involved in arsenic removal by MIPA. The OH group present on the MIPA surface was considered as the charge carrier, which underwent exchange with arsenate ions from water. This was also confirmed by the appearance of a broad peak at 3420 cm -1 in FTIR analysis. The stepwise mechanisms of hydration of oxides, H-bonding and ligand exchange were shown in scheme S1 (Supplementary material).
Packed bed column study
Column study is essential for the design of industrial-scale fixed-bed absorber systems (Abhijit et al. 2008; Kundu and Gupta 2005) . The experiment was conducted to evaluate the effects of various process parameters such as the initial As(V) concentration, the bed depth and the inlet flow rate on removal of arsenic. The point on the dynamic removal curve (Fig. 5) at which arsenic concentration reached its maximum permissible value (0.01 mg/L) was referred to as the breakthrough point. The point where the effluent arsenic concentration reached 90 % of the influent value (0.3 mg/L) was considered as the point of column exhaustion.
Effect of flow rate
The effect of flow rate on As(V) adsorption was investigated by varying the flow rate from 6 to 20 mL/min with initial As(V) concentration of (300 lg/L), 10-cm bed depth and column diameter of 1.5 cm. The effect of flow rate on breakthrough performance is depicted in Fig. 5a . The experimental breakthrough time (t b , corresponding to effluent concentration of 0.01 mg/L) for flow rates 6, 10 and 20 mL/min was found to be 100, 85 and 42 h, respectively (Fig. 5a ). The exhaust time (t e , corresponding to effluent concentration of 90 % of influent concentration) for flow rates 6, 10 and 20 mL/min was observed as 180 and 160, 100 h, respectively. At lower flow rates, the adsorbate had more time to bond with the adsorbent, whereas higher flow rates caused reduced contact time and hence poor distribution of the liquid inside the column leading to a lower diffusivity of the adsorbate through the adsorbent particles. The sorption data were evaluated, and total amount of arsenic passed through the column (m tot ), amount of As adsorbed (q tot ), total removal percentage of As, time to achieve breakthrough and exhaustion time at different flow rates are presented in Table S4 .
Effect of bed depth
Water containing 300 lg/L of As(V) was passed through the adsorption columns at 10 mL/min to study effect of bed height. Figure 5b represents the performance of breakthrough curves for bed heights of 4, 6 and 10 cm. With increase in bed height, the throughput volume increased due to higher contact time and availability of more binding sites for the sorption. At a relatively lower contact time, the curve was steeper showing faster exhaustion of the bed. The total As(V) adsorption was found to be 16.96, 22.86 and 35.91 mg with bed height of 4, 6 and 10 cm, respectively, and the corresponding total amount of As(V) passed through the column was 21.6, 27 and 36 mg. The breakthrough time increased with increase in bed depth, suggesting it to be an important parameter. The larger the breakthrough time, the better was the intra-particulate mass transfer phenomena.
BDST model
Bed depth service time approach was used to predict the maximum adsorption capacity. It is generally accepted that the BDST model offers the simplest approach and rapid prediction of adsorber design and performance (Han et al. 2007; Abhijit et al. 2010 ). This model is based on the assumption that forces like intra-particle diffusion and external mass transfer resistance are negligible and that the adsorption kinetics is controlled by surface chemical reaction between the solute in the solution and the unused adsorbent.
The critical bed depth (X o ) represents the theoretical depth of adsorbent, which is necessary to keep the concentration below threshold concentration, C B . The estimation of the characteristic parameters such as the maximum adsorption capacity N o , adsorption rate constant K and X o was done using the following relation assuming that the adsorption rate was proportional to residual capacity of the sorbent and the concentration of the sorbing species.
where C o = initial solute concentration (mg/L); C B = desired solute concentration at breakthrough (mg/L); x = bed depth (cm); V = linear flow velocity of feed to bed (cm/h); and t = service time of column. This equation is of the form:
t versus x was plotted (Fig. 5c) for the breakthrough, i.e., 0.5 % saturation and exhaust, i.e., 90 % saturation. The corresponding equations are as follows:
t ¼ 13:21x þ 68:57 for 90 % saturation ð12Þ t ¼ 7:5x þ 30 for 0:5 % saturation ð13Þ
Setting t = 0 in Eq. 12, the minimum column height (x 0 ) necessary to produce an effluent concentration C B was calculated. From the slope and intercept of Fig. 5c and Eq. 12, the design parameters K, N o and x 0 were evaluated as 0.1166 L/mg h, 1346.21 mg/L and 5.18 cm, respectively.
With the increase in bed depth, the residence time of the fluid inside the column increased, allowing the adsorbate molecules to diffuse deeper inside the adsorbent. With a higher K, even a short bed would avoid early breakthrough, but with decrease in K a progressively higher volume bed was required to avoid breakthrough. The linear equation produced a R 2 value of 0.99, which indicated the validity of the BDST model. The advantage of the BDST model was that any experimental test could reliably be scaled up to higher flow rates without further experimental runs.
Statistical design of experiments
Factorial designs allow the simultaneous study of the effects that several factors may have on the optimization of a particular process (Hasan et al. 2009; Box et al. 1978) . The effects are the differential quantities expressing how a response changes with one or more factors.
Different process parameters such as flow rate (x 1 ), bed height (x 2 ) and initial concentration (x 3 ) of As(V) were considered as variables for the designing of experimental matrix. Each factor was studied at two levels, ''low'' (-1) and ''high'' (?). The response was expressed as the removal percentage (% R) of As(V). A 2 3 complete factorial design was performed with the values of the operating variables shown in Table 2 . The outcome was 8 tests with all possible combinations of x 1 , x 2 and x 3 . The percentage removal was measured in each of these tests. The complete factorial model that was used to fit the data in Table 1 was
where the parameters b i are responsible for the influence of the operating variable X i on the response Y, while b ijk are responsible for possible interactions among the operating variables i, j and k and the effect of this interaction on the response. Values of the parameter displayed in Eq. (14) were obtained from the least square estimates:
Using the experimental data listed in Table 2 , the matrix was evaluated, and accordingly, the parameters in Eq. 14 
The model F value of 27.74 implied that the model was significant. There was only a 1.05 % chance that this large model F value occured due to noise. Values of ''Prob [ F'' less than 0.0500 indicated that the model terms were significant. The statistical significance of the factors and their interaction on the response were evaluated by Pareto diagram (Fig. S8) . This diagram predicted X 1 (flow rate) and X 2 (bed height) to be significant model terms. Values greater than 0.10 indicate that the model terms are not significant. A student's t test was performed to determine whether the calculated effects were significantly different from zero; these values for each effect are shown in the Pareto chart by vertical columns. A t value of 4.3 signifies 95 % confidence level. As shown in Fig. S8 , the effect X 1 X 3 was positioned around a reference line, whereas X 2 X 3 and X 1 X 2 X 3 were far below the reference lines, so these are not significant factors. The values that exceed a reference line, i.e., those corresponding to the 95 % confidence interval, are significant values. According to Fig. 2 , the main factors (X 1 , X 2 and X 3 ) and their interactions (X 1 X 2 ) that extended beyond the reference line were the only significant factors in arsenic removal.
The ''Pred R 2 '' of 0.8128 was in reasonable agreement with the ''Adj R 2 '' of 0.9386 (data shown in Table S6 ). ''Adeq Precision'' measures the signal-to-noise ratio. A ratio greater than 4 is generally desirable. Thus, a ratio is 14.529, which indicated an adequate signal. This model might be used to navigate the design space. Table 3 shows that the difference between the measured and the predicted values did not exceed 5 % except the run 1 and 2. Therefore, all these results indicated that the model was suitable to address data adequately. From Eq. 15, column bed height (X 2 ) showed the strongest effect on the response since coefficient of X 2 (b 2 = ?7.5) was larger than the coefficients of the other investigated factors; the positive sign indicated that there was a direct relation between the two.
Interaction effect
The main effects of factors (X 1 : flow rate, X 2 : bed height, X 3 : initial concentration of As) and the interaction between factors (X 1 X 2 , X 2 X 3 , X 1 X 3 and ABC) were determined by ANOVA. An interaction is effective when the change in the response from low to high levels of a factor is dependent on the level of a second factor, i.e., when the lines do not run parallel. Table S5 (supplementary material) displays the main factors' effect, factors' interaction effect, coefficients of the model, standard deviation of each coefficient and the probability for the full 2 3 factorial design. Figure S9 illustrates the mutual interactive effects of the combination of independent variables on arsenic(V) adsorption capacity in the manner of linear and 3D surface plots. These plots clearly indicated that the interaction between bed height and flow rate (X 1 X 2 ) and X 1 X 3 was the statistically significant factor, which was also shown by Pareto charts (Fig. S8 ).
Regeneration study
In order to reduce the cost and waste production, regeneration of any exhausted adsorbent is an important factor. In this study, NaOH solution (various concentrations, 0.05, 0.1, 0.25 M) was used as the eluent for arsenic desorption from exhausted sorbents. After NaOH treatment, the surface became more active due to increase in pores. The higher percentage of desorption indicated that ion exchange or physical interaction played significant role in the sorption process. To test the adsorption potential of regenerated MIPA, adsorption studies were carried out with an input of 300 lg/L, and a small reduction (*5 %) of removal efficiency up to five cycles.
Comparison with other results and cost analysis
Except a few studies on continuous operation, most of the research on arsenic removal considered batch operations. However, the data obtained under batch conditions are generally not applicable in industrial and household treatment systems. The efficiency of MIPA packed column for As(V) removal was compared with other adsorbents and shown in Table 4 . The running cost of column would be extremely low and estimated to be $2 per 100 kL water processed. Field study
The MIPA packed column was also tested with field samples collected from Akrampur pilot plant. Barasat (22.7200°N, 88.4800°E, 280 lg/L) was considered for the study of these real samples. The up-flow inlet rate was kept at 10 mL/min in the MIPA packed 10-cm bed depth column at a pH of 7.5. Table 5 lists the characteristics of the groundwater (before and after treatment with MIPA at breakthrough time) supplied by the NABL (National accreditation board for testing and calibration laboratories) accredited laboratory, Supertendence Pvt. Ltd, Kolkata, India. It was observed that adsorbent removed iron to a great extent in addition to arsenic. The pH of the effluent water remained almost same as in the influent water, suggesting no post-treatment. The most interesting observation made from the results was that the combined effects of chloride, sulfate, phosphate and fluoride present in the real sample water did not interfere the arsenic adsorption. Thus, the effluent water quality (Table 5) suggested that the treated contaminated water could be used for household purposes.
Conclusion
An extensive laboratory-scale investigation was carried out to evaluate the fixed-bed column performance by newly developed adsorbent MIPA with adsorption capacity 17.2 mg/L with different bed depths and column up-flow rates. The adsorption mechanism followed pseudo-second-order reaction kinetics. The BDST model was used in the analysis of column performance data, and the values of adsorption rate and adsorption capacity coefficients (K and N) were evaluated as 0.1166 L/mg h and 1346.21 mg/L, respectively. The constants obtained from this model were utilized for scaling up of the fixed-bed adsorption column. The regeneration and subsequent reuse of the adsorbent MIPA offered an economical approach for the removal of As(V) from water. The experimental results in this study were well simulated in the full-factorial design model. The quality of the effluent water was found to be safe for human consumption. The most important performance of this MIPA packed column (10-cm bed height, 12 g adsorbent) was its capacity, i.e., *140 L of arsenic-contaminated water per day (of 300 lg/L reduced to less than 10 lg/L), suggesting that the adsorbent was ideal for household water filter in rural area without the requirement of power. 
